The aim of this study was to evaluate the importance of biotransformation of paralytic shellfish toxins during the detoxification process in contaminated oysters. Mathematical models based upon the detoxification patterns of digestive gland and other tissues were developed. It was demonstrated that biotransformations do not seem to play an important role in digestive gland or other tissue detoxification kinetics with our data set. Moreover, different toxin transfers from digestive gland toward other tissues were investigated. No significant transfer was highlighted in our data set. These first conclusions were drawn after comparing the results obtained from 13 biotransformations and identifiable transfer scenarios. Finally, to determine a more robust model, all 12 states corresponding to toxic compounds and tissues were aggregated into a single state model. The best adjustment was obtained with a simple one-compartment model based on total flesh toxicity with elimination rate expressed by a function depending on initial concentrations of GTX3 and GTX2 (i.e. the two major toxic compounds found in contaminated oysters).
Introduction
In recent decades, a global increase in microalgal blooms has been observed in marine coastal environments (Cordier et al. 2000) . These blooms can produce discoloured waters worldwide, displaying a wide range of colours from deep brown to orange-red (Bricelj and Shumway 1998; Hallegraeff 1995) . This phenomenon is due to high concentrations of microalgae, which can reach several million cells per litre. Microalgae are consumed by filterfeeders, particularly bivalves. Some of them are able to synthesise toxic secondary metabolites which are then released and later accumulated by primary consumers. Primary consumers can then become prey for secondary consumers and so on, allowing metabolites to accumulate in the various links of the food chain (Jaime et al. 2007; Jiang et al. 2006) .
Bivalve molluscs are defined as motionless primary consumers which can filter large amounts of sea water per unit of time (Bricelj and Shumway 1998) . Due to their low sensitivity to phycotoxins, they do not protect themselves against high contamination levels (Haberkorn et al. 2010) . They are considered good vectors in terms of toxin transfer in the different links -including man -of the trophic web (Choi et al. 2006; Kvitek et al. 2008) . As a precaution, specific safety thresholds have been established for each toxin by the European Economic Community directive n°492/91 (EEC 1991) . When these thresholds are either reached or exceeded in shellfish meat, shellfish growing areas are closed with a ban on the bivalve mollusc market, causing both consumers and producers distrust as well as economic losses (Bricelj and Shumway 1998; Lassus et al. 2005) . For instance, in New England in 2005, shellfish areas closures led to financial damage estimated at 23 millions dollars (Jin et al. 2008 ).
In France, the three types of toxins present along the coast are diarrheic, paralytic and amnesic shellfish toxins. Lipophilic toxins appeared in 1983 followed by paralytic shellfish toxins in 1988 (Ledoux et al. 1991; Masselin et al. 2000; Sechet et al. 2003) . Amnesic shellfish toxins have only been detected on the French coasts for the last ten years (Amzil et al. 2001) . These outbreaks do not only concern France, but also coastal areas all around the world (Bricelj and Shumway 1998; Van Egmond et al. 1993 ). On the other hand, neurotoxin and ciguatera are not present along mainland coasts, although ciguatera is frequently observed in the West Indies and French Polynesia. Paralytic toxins remain the most dangerous in the case of ingestion by man. The French shellfish industry is the 2nd largest producer in Europe behind Spain, with approximately 245,000 t in 2004 (FAO, 2009 ). This production is dominated by bivalve molluscs and notably Pacific oyster Crassostrea gigas (105,250 t).
Economic losses due to the closure of shellfish production areas are a threat to the industry. It is therefore important to find some solutions to reduce drastically the duration of sales bans.
Mathematical models are sometimes used to forecast the detoxification kinetics of phycotoxin-contaminated bivalve molluscs. When available, they may be considered as efficient tools for the management of contaminated farming areas. On one hand, such models should help understand the biological mechanisms and environmental parameters likely to modify detoxification kinetics. On the other hand, they should predict the time needed for an efficient detoxification and provide the preliminary information required for the implementation of detoxification units. Currently, 'compartment-type' models are available.
They are usually made of one or two 'black box' systems in which only the input and output are known (Blanco et al. 1999; Lassus et al. 2007; Silvert and Cembella 1995) . These models generally give a good description of observed detoxification kinetics but they always need a new fit for any new data set. Taking Figure 1 ). These compounds are polar low molecular weight tetrahydropurines which are thermostable, stable in acidic medium and unstable in alkaline medium (likely to be oxidised). They are classified according to four main groups:
carbamates (saxitoxin STX, gonyautoxins GTX2, GTX3, GTX1, GTX4, neosaxitoxin neoSTX), N-sulfocarbamoyls (B toxins like B1 or GTX5, B2 or GTX6 according to NorthAmerican or Japanese nomenclatures, C toxins: C1, C2, C3, C4), decarbamoyls (dcSTX, dcGTX2, dcGTX3, dcGTX1, dcGTX6 and dcNeo) and deoxycarbamoyl toxins (doSTX, doGTX2, doGTX3) which have a hydrogen atom in position R4 (Fig. 1) .
Possible PST biotransformations are epimerisation, hydrolysis and reduction (Oshima 1995; Fig. 2) . They are the result of specific physico-chemical conditions, and of the activities of either enzymes or bacteria naturally present in shellfish meat (Sato et al. 2000; Smith et al. 2001 ). For instance, Placopecten magellanicus can convert gonyautoxins into saxitoxin or neosaxitoxin provided enzymes or certain bacteria are present (Sato et al. 2000) .
Biotransformations are observed during either contamination or detoxification periods (Oshima 1995; Smith et al. 2001) . PST relative toxicity must include all present analogues since each of them displays a different toxicity pattern when tested on mice by i.p. injection (Oshima 1995) . The toxin content of mollusc meat is expressed as STX equivalents thanks to a conversion coefficient specific to each analogue (Oshima 1995) . During detoxification, biotransformations into less toxic compounds will potentially accelerate the detoxification rate (following the hypothesis of specific elimination rates for identical compounds). In contrast, biotransformations giving more toxic compounds will potentially slow down detoxification rates. It thus seems necessary to take into account the relative evolution of each compound in the context of the present study.
Stomach and digestive gland (DG) are the preferred organs for biotransformation processes (Fast et al. 2006; Lin et al. 2004) . In Protothaca staminea, the in vitro biotransformations mainly occur in DG tissues, then in gills and finally in mantle and adductor muscle. Very few biotransformations occur in the siphon (Fast et al. 2006) .
Similarly, Mactra chinensis carbamoylases are particularly localised in crystalline style (a rotating flexible rod mechanically breaking down algal cell in the stomach, Langdon &Newell,1996) and in digestive gland (Lin et al. 2004 ). Moreover, C. gigas oyster in vitro incubated with GTX1, 4, 2, 3 and C1, 2 led to a reduction of almost 10 % of each analogue within 24 hours (Lin et al. 2004 ). Blanco et al. (2003) propose an interesting approach to modelling the contamination and detoxification of blue mussels containing paralytic shellfish toxins. They tested different models taking into account biotransformations in the total flesh. This study was aiming at first to study the influence of biotransformations on the overall toxicity during oyster detoxification kinetics. For this, an original mathematical model taking into account the various toxins and their potential biotransformations was adjusted from data obtained in the digestive gland (DG) and in the other tissues (OT). In a second step, toxin transfers from DG to OT were investigated. Finally, an aggregated model was proposed and compared with model most frequently encountered in the literature, i.e. one-or two-compartment models. In the latter, the two compartments will be assigned to the digestive gland and remaining tissues, respectively. Models found in the literature that designate free toxins and toxins bound to oyster tissues as two different compartments will not be considered to avoid identifiability and discernability problems.
Materials and methods

Biological materials
Alexandrium minutum (AM89BM) and Skeletonema costatum (PBA855) were grown in . Both algal cultures were placed in thermoregulated rooms (16 ± 0.5 °C) with a diurnal photon density flux of 50 ± 4 µmoles m -2 s -1 and a 12/12 light/dark cycle.
C. gigas oyster with a mean meat wet weight of 5.49 ± 1.08 g (s.d., n = 216) were harvested in Bourgneuf Bay (France). They were acclimated at 16 ± 0.5 °C for 4 days prior to the experiment. Epibionts and other fouling organisms were discarded. The animals had no history of previous contamination by toxic microalgae.
Experiments
Oysters were placed in three 150 L raceways continuously supplied with natural sea Experimental conditions (duration, cell concentrations) during contamination and detoxification periods are summarised in Table 1 . For toxin content analysis, six oysters were sampled (days 0, 1, 2, 5 and 7) from each raceway and then dissected in such a way that digestive glands were separated from other tissues. All six digestive glands were pooled before toxin extraction and the same procedure was applied to other remaining tissues.
Chemical analysis
Every sample was analysed three times by High Performance Liquid Chromatography coupled with fluorescence detection (HPLC-FLD) for further paralytic toxin quantification.
Dissected oyster tissues were placed in a Büchner funnel for 1 hour to drain off the excess water. At the end of this process, they were ground and acidified in 0.1 N HCl (2 v/w).
Homogenised meats were centrifuged for 15 minutes at 3,000 g and 4 °C, and the pH adjusted to 3.0-3.5 with 6 N HCl. They were subsequently ultra-centrifuged for 15 minutes at 17,000 g and 4 °C and finally ultra-filtered (10,000 Da). Supernatants thus obtained were analysed. For PST extraction from toxic phytoplankton cells, 10 mL was sampled from experimental culture vessels and placed in glass tubes. These were then centrifuged for 15 minutes at 3,000 g and 4
°C. Sedimented pellets were resuspended in 1 mL acetic acid 0.1 N and stored at -80 °C.
They were then sonicated for 15 minutes. Finally, tubes were ultra-centrifuged for 15 minutes at 17,000 g and 4 °C and ultra-filtered on 0.2 µm mesh size. Supernatant was then ready for analysis.
Analysis of PST was performed using Oshima's method (1995) with slight adaptations. Toxins were separated using reverse phase chromatography and a C8 column with a flow rate of 0.8 mL min -1 . pH elution and column temperature were calibrated to optimise the separation of gonyautoxins GTX1, GTX2, GTX3, GTX4, dcGTX3 and dcGTX2. C1 and C2 toxins were then indirectly detected and quantified using prior acid hydrolysis of samples (0.4 N HCl at 98 °C for 5 min; Masselin et al., 2001 ).
Toxin concentrations in either A. minutum cultures or in contaminated oysters were converted into pg equiv. STX cell -1 or into µg equiv. STX 100 g -1 of wet meat respectively by using Oshima's conversion factors (Oshima, 1995) .
Modelling
All models presented in this paper are structurally globally identifiable i.e. existence
and uniqueness of all model parameters are demonstrated for our inputs and outputs. A summary of all text referenced models is given in Table 2 .
Modelling biotransformations in digestive gland
Different PST biotransformations in shellfish tissues were identified by Oshima in 1995 and were used in the present work to build a reference diagram ( Figure 3 ). Only six toxic compounds were evidenced from chemical analysis performed on A. minutum (AM89BM), oyster DG and remaining tissues: GTX3, GTX2, C1, C2, dcGTX3 and dcGTX2. This result made it possible to simplify Figure 3 and to obtain 7 potential biotransformation pathways (Fig. 4) .
A mathematical model can be deduced from Figure 4 , provided toxin input to the DG and related biotransformation and elimination processes are considered.
[ 
with:
- As tissue weights did not change throughout the experiment and considering the experimental conditions encountered, it will be assumed that dP dt = 0
Two new sub-models issued from the generic previous model were performed according to different constraints: the fit of the first one supposed that all hydrolysis and epimerisation coefficients were equal to zero and the second one was obtained by forcing an elimination coefficient identical for all toxic compounds: (
Modelling biotransformations in remaining tissues and transfer from digestive gland to remaining tissues
Biotransformations in other tissues (OT) were evaluated according to the same schedule than for DG except for toxin input, which is modified. In a first case, toxic compound input is equal to zero. In a second case, toxin input corresponds to the elimination of these compounds models than for DG were tested on the total body burden.
Coefficient fitting
Each coefficient adjustment was performed in a precise order to minimize the different criteria and therefore to respect all specific constraints (appendix 1). Models were set up using the Matlab 6.5 Simulink Library. The Matlab function which allows adjustment was based on
Nelder-Mead algorithm (Lagarias et al 1998) under constraint. Coefficient fitting algorithm was performed according to a least square method which minimises the sum of squared errors (sse) between predicted values given by the model and data experimentally obtained. The minimization criterion itself was weigted by Oshima's coefficient (appendix 1) to obtain a mono-criterion indicator agreeing better with the toxicity.
Comparison with literature data and with an aggregated model
Thereafter, these models were compared to those found in the literature, i.e. : models taking into account one-or two compartments (1C1 and 2C models respectively) .
Then, an aggregated model was proposed (model 1C2). Rather than using the different compounds kinetics calculated from the different STX analogues, a first order equation was defined in such a way that the elimination rate "k" integrates the weight of toxic analogues ratio upon the overall elimination rate, or :
compounds with dissimilar kinetics)
This model focuses on overall toxicity increase and, at the same time, integrates GTX3 and GTX2 initial ratio in the following expression of k : To be able to compare all different models, the equation 7 was applied to observed data to obtain the global toxicity (expressed in µg STX equiv. for 100 g of flesh) corresponding to our new modelling output. The fitness accuracy of these models was estimated using sse and rmse according to the usual definitions.
Results
Observations
Figure 5 A represents the oyster toxin profile on the last day of contamination and for the three experiments (RC1, RC2, RC3). No significant difference was observed for either GTX3, C2 or C1. However, a significant difference in the proportion of GTX2 was noted (ANOVA, p= 0.006). In a similar way, dcGTX3 and dcGTX2 displayed significantly different proportions in each of the three experiments (ANOVA, p=0.0005 and p=0.0186 respectively).
Generally speaking, the proportion of the different compounds found in oyster at the end of the contamination phase by A. minutum sorts the following profile: GTX3 is the main compound and represents 45.5 ± 5.5 % (mean ± s.d.) of the toxin content expressed in µg per 100 g meat, GTX2: 18.3 ± 7.5 % (between 17 and 29 % for RC2 and RC3 and between 7 and 9 % for RC1), C2: 17.6 ± 9.8 %, C1: 15.4 ± 5.5 %, dcGTX3: 1.5 ± 5.5 % and dcGTX2: 1.7 ± 1.1 % ( Figure 5B ). The proportions observed in contaminated oysters are very different from those observed in A. minutum cultures, namely for GTX3, GTX2 and C1 (ANOVA, p= 0.0057, p=0.045 and p=0.0363; fig. 5B ).
The above results do not consider toxicities expressed as STX equivalent. Moreover, it is noteworthy that GTX3 is the most represented compound in oyster meat as well as the most toxic among all other STX analogues detected in this experiment. During detoxification, GTX2 and GTX3 represented more than 90 % of toxicity expressed as STX equivalent per 100 g of shellfish meat. As a consequence, to ensure an easier reading, all graphs obtained during modelling trials will only represent GTX2 and GTX3.
Modelling
Digestive gland
Adjustments for the three different models are applied to each data set (RC1, RC2 and RC3). Quite different coefficients were fitting for each experiment (data not shown).
Moreover the main biotransformation pattern may differ according to the type of experiment. To work on a single data set allowing a higher degree of adjustment robustness, the three data sets were put together as combined series (Table 4 , Figure 6 ). Rmse obtained with data sets in combined series are of the same order of magnitude as rmse for experiments RC1
and RC3 and with a fitness accuracy slightly worse than in experiment RC2. In the same way, sse of the combined series are of the same order of magnitude as the sum of each sse considered individually, which indicates that the adjustments obtained for each experiment are correct.
It should be noted that the apparent kinetics of GTX2 seem slower than those of other compounds, especially GTX3. It should be remembered that more than 90 % of C. gigas DG toxin content, once contaminated by A. minutum (AM89BM), is linked to GTX3 and GTX2 detection in shellfish meat. In the early steps of the detoxification period (d 0 ), GTX3 contributes more than 70 % of the toxin body burden whereas for GTX2 it is less than 20 %.
Throughout detoxification, the GTX3 decrease will be faster than that of GTX2, which progressively induces an increase in the GTX2 contribution to the total toxin body burden. A.
minutum-contaminated oyster detoxification seems relatively rapid, especially because the overall detoxification kinetics are mainly ruled -at the beginning -by GTX3 kinetics.
Thus, this new data set evidenced a 9 % adjustment improvement when using the model which considered biotransformations (DG2). Moreover, when all detoxification coefficients are forced equivalent (DG3), the rmse is better than when these coefficients are free (rmse=34.93 and 36.34 respectively). In this case, highlighted biotransformations are the three epimerizations of C2 into C1, GTX3 into GTX2 and dcGTX3 into dcGTX2. The DG3 model was retained for all further modelling with other tissues.
Remaining tissues and total flesh
Different models were adjusted to remaining tissues data in combined series, to obtain more robust adjustment results, as already done with DG. The first results obtained with OT data confirmed the no-significant role played by biotransformations (data not shown). Similar sse were observed and the best rmse were obtained without biotransformation either for remaining tissues or for total flesh. For example, the relative difference between OT1 and OT2 sse (Table 2) is less than 0.5% and and this difference reach 6.5% for rmse. Secondly, we tested toxic compounds specific inputs to evaluate the incidence of DG to OT transfer for the different scenarios. Three types of inputs were considered: (i) input with null value, i.e. no detectable transfer between DG and other tissues (OT1), (ii) all toxic compounds eliminated from DG are redirected toward other tissues (OT3), (iii) only a certain portion of toxic compounds is transferred from DG toward the other tissues (OT4). These least comments are for the "none biotransformation" assumption but also are in agreement with the other cases (not shown).
The fitting of the OT1 and OT4 models are very closed. The sse difference is less than 1%. On the other hand, the squared sum of error is 6% higher for the OT3 model.
From these results, it seems that toxin elimination from the DG is not totally redirected toward the other organs. It can therefore be suggested that most toxins detected in oyster DG are damaged or eliminated via the digestive tract without being incorporated into the other tissues.
Comparison and aggregation
All models tested were compared according to the sse criteria and results are presented in Table 5 First of all, predicting the six toxic compound kinetics by organs (DG3+OT1) or on total flesh did not lead to a significant gain on the quality of toxicity estimation with regard to models only based upon overall toxicity estimation. and GTX2 concentrations observed at the end of the contamination phase and therefore at the beginning of the detoxification phase. The squared sum of deviations was 7327 for this model and, considering only these two analogues, ensured a better fit than that obtained with classical compartment models ( Figure 7 ). This model is equivalent to a simple onecompartment model by experiments but with an elimination rate determined by its specific ratio of initial GTX3 and sum of GTX3 and GTX2. So with this model, elimination rate for were respectively of 0.27, 0.32 and 0.26 for the three successive combined experiments.
Discussion
In this work, toxic profiles of C. gigas oyster and A. minutum microalga revealed different patterns. Such differences between toxin producers and higher links in the food chain are often observed (Asakawa et al. 2006; Ichimi et al. 2001; Oshima 1995) . In Pacific oyster, carbamate toxins are present in higher proportions than C toxins. This observation seems to be a common pattern in molluscan shellfish (Oshima 1995; Ichimi et al. 2001 ). Such a difference could result from three phenomena acting separately or in combination: (i) toxic compound assimilation rates could be different, (ii) some compounds could be rapidly transformed as soon as they penetrate oyster DG, (iii) elimination of toxins could be compound-specific.
Combining the three data sets as a combined series provides both a single bigger data set and a more reliable fit. Biotransformation consideration in the DG allows a better fit.
However, it is difficult to conclude definitively that biotransformations always occur in C.
gigas DG. The same observation can be made on the other tissues. In fact, considering biotransformation processes or not does not seem to generate real changes in model fit especially for remaining tissues. These remarks are in agreement with Lin et al. (2004) and Fast et al. (2006) whose results indicate that stomach and digestive glands are favoured sites for biotransformations. Yet it can be stated that, in this particular case, biotransformations are not playing an important role in detoxification kinetics.
An interesting observation relates to toxin transfer from the DG towards other tissues.
The most usual scheme considers that an important part of the toxins eliminated by the DG are transferred towards all other tissues. However, this mechanism does not really fit with our data sets. Very few transfers from DG to other tissues seem to occur during detoxification, which could indicate that almost all toxic compounds present in the DG are first trapped in this organ before being hydrolysed or eliminated via the intestinal tract, as suggested by Blanco et al. (1997) . The way the toxins are transferred from one tissue to another is still not clear but some authors state that haemocytes could be the key parameter in this process (Galimany et al. 2008; Suzuki et al. 2005) . Blanco et al. (2003) propose a model which considers the analogues GTX1, GTX2,
GTX3 and GTX4 in mussel Mytilus galloprovincialis following contamination with
Alexandrium tamarense. They observed that differentiation of each compound does not play any significant role in the relative contribution of GTX. However, in the present work, a certain improvement is achieved if each compound is considered individually. Taking into account PST differentiation, rather than the overall evaluation of toxicity, ensures a better prediction of detoxification kinetics.
GTX3 and GTX2 account for 90 % of the toxin content in PST-contaminated oyster and the overall detoxification kinetics clearly result from the different kinetics related to these two analogues. GTX3 will be eliminated more rapidly than GTX2. With regard to total meat detoxification coefficients obtained with the three data sets in combined series, it can be noted that the more the GTX3 proportion increases (when compared to GTX3 + GTX2 um), the faster the detoxification time. The best adjustment is obtained when the model depends on the ratio of GTX3 initial concentration on the sum of GTX3 and GTX2
This kind of result is believed to offer a great help for the management of contaminated areas. In fact, bivalve mollusc toxicity will be analysed to know whether the health threshold is exceeded. If the analysis is operated according to Lawrence's official method, the amount of each toxic compound is known and it is therefore possible to use a detoxification model taking into account all STX analogues. However, this model must be validated with a new data set. Finally, this model only applies to the particular case of Crassostrea gigas contamination by Alexandrium minutum (strain AM89BM) so it will be worth investigating the detoxification kinetics of oyster contaminated by another Alexandrium species or strain, featuring another toxin profile. Similarly, further studies are needed with other shellfish species. Indeed, there are strong differences in biotransformation capabilities within molluscan shellfish at the species or family level (Lin et al. 2004) . For instance, abalone
Haliotis midae displays strong biotransformation potential (Pitcher et al. 2001) unlike Mytilus edulis and Crassostrea gigas (Jaime et al. 2007) . When an important biotransformation process really occurs in mollusc soft parts, detoxification kinetics can be strongly modified.
Following the present study, it would be worth determining why GTX2 kinetics are slower than those of GTX3. Some previous works (Gueguen et al. 2008 ) demonstrated the effect of non-toxic algal food upon detoxification kinetics. Although this was not considered in the present study, further investigations could be carried out by adapting the mathematical expression k in order to incorporate this variable in our model.
To conclude, an aggregated one-compartment model (corresponding to total flesh) with an elimination coefficient depending upon GTX3 and GTX2 initial concentrations seems the most appropriate one to correctly describe the detoxification kinetics of A. minutumcontaminated oyster. This last model should be easily completed to integrate environmental
variables not yet investigated in this study. New experiments would be interesting to confirm our conclusions. This modelling and fitting approach described here could be particularly relevant for mollusks presenting recognized biotransformations, as clams for example.
Appendix 1
The present algorithm is adapted to the parametric estimation of equations (1) to (6) number of normal data for compound A.
Therefore, what remains to be determined is: number of normal data for compound A.
Therefore, what remains to be determined is:
This algorithm was adapted for the sub-model with a same elimination rate (not shown).
Evaluation of model fitness is performed by a classical rmse calculation of the specific sse (noted SSE*). Figure 1: Chemical structure of paralytic toxins. Only the 16 compounds more frequently 28 found in the phytoplankton and molluscs are represented (Oshima, 1995) . 
